At the global level, seizures of crystalline methamphetamine (MA) and MA tablets have risen to a new high, indicating that the substance is an imminent threat. MA enantiomer profiling was a useful tool to investigate the prevalence of MA abuse, the intrinsic characteristics of the seized samples and the trends of precursors. In this work, the distribution of enantiomers in clandestine MA crystals and tablets seized mainly in the Yangtze River Delta region, China, from 2008 to 2014 were identified. The MA samples were diluted with internal standard methanol solution, and analyzed by LC -MS-MS. The detection limits of the enantiomers were 0.04 mg/L. The limit of quantification was 0.1 mg/L. As little as 0.2% of the R-enantiomer ratio could be determined. Standard calibration curves of S-and R-MA showed good linearity in the range of 0.1 -80 mg/L (r 2 > 0.995). All of the seizures were optically pure S-enantiomer in the years 2008 and 2009. Seized samples containing a slight amount of R-MA began to appear in 2010 and increased in the year 2014. No racemic mixture or R-isomer of MA was seized. From this study, we could find out that smuggling routes and/or precursors might be silently changing in the Yangtze River Delta region, China.
Introduction
Methamphetamine (MA), a strong central nervous system stimulant, has long been one of the most widely abused drugs throughout the world, and its use is rigidly controlled in most countries. At the global level, seizures of crystalline MA, so-called ice, and MA tablets, so-called Ma old, have risen to a new high, indicating that the substance is an imminent threat (1) . MA contains a chiral center, and there are two enantiomers, S-and R-MA. Chiral information about MA is important in both criminal investigations and the intelligence field.
The two MA enantiomers have different pharmacological and pharmacokinetic properties due to differences in their binding affinities to their respective receptor sites. The S-enantiomer is approximately five times as active as the R-enantiomer, but the S-enantiomer is also metabolized at a greater rate and more completely than the corresponding R-enantiomer (2, 3) . Because of its more potent physiological and behavioral effects, it is the S-enantiomer that is predominantly abused and illicitly smuggled in the black market. Because the enantiomeric composition of the drug is often not known to the user, this may lead to toxicity risks. Under the US Federal Sentencing Guidelines, possession of seized material containing .80% of S-MA carries a higher penalty than for substances containing less of this isomer (4) .
Ephedrine (EP) and/or pseudoephedrine ( pEP) and phenyl-2propanone (P2P) are the most commonly used precursors in the illicit manufacture of MA in clandestine laboratories (1) . The manufacture of S-MA is the reduction of 1R, 2S-EP or 1S, 2S-pEP, extracted from the ephedra plant (5 -7) . On the contrary, 1S, 2R-EP or 1R, 2R-pEP can only be used as a precursor of R-MA. Racemic MA can be synthesized from P2P by reductive amination or the Leuckart reaction. Furthermore, the high optical purity of MA can also be manufactured by chiral-selective resolution of racemic MA (8) . Therefore, the enantiomer ratio of MA can be used to investigate the prevalence of MA abuse, the intrinsic characteristics of the seized samples and the origin of the drug. In addition, it can further provide helpful information concerning the species of precursors and the synthetic routes (9, 10) . A number of methods have been reported for the determination of the enantiomeric composition of MA, including the use of gas chromatography (GC) (11), GC -mass spectrometry (MS) (4, 12) , high-performance liquid chromatography (HPLC) (9, 13, 14) and capillary electrochromatography (10, 15 -17) . Few methods have been reported for the separation of MA enantiomers using LC -MS-MS. In a previous study, we developed a simple, rapid LC -MS-MS method that uses Chirobiotic TM V2 for chiral separation and quantification of MA and amphetamine in urine (18) . In this work, in order to obtain valuable drug intelligence information and to investigate the trends of precursors, we applied the LC-MS-MS method to analyze the enantiomer of MA crystal and tablets seized in the Yangtze River Delta region (Jiangsu, Zhejiang and Shanghai region of China) from 2008 to 2014.
Experimental

Reagents
Standard solutions of 1 mg/mL of racemic MA, pure S-MA and R-MA in methanol were purchased from Cerilliant (Round Rock, TX, USA). The internal standard (IS) 4-phenylbutylamine was obtained from Tokyo Chemical Industry (Tokyo, Japan). HPLC-grade methanol was purchased from Sigma-Aldrich (St Louis, MO, USA). Ammonium hydroxide solution (25%) was purchased from Aladdin. Acetic acid (99.8%) was purchased from CNW Technologies GmbH (Dusseldorf, Germany). Deionized water was purified using a Milli-Q system (Millipore, MA, USA). All of the chemicals were of HPLC grade.
Ninety-one MA crystal samples and 51 tablets that were seized in the Yangtze River Delta region from 2008 to 2014 by Shanghai Public Security Bureau were sent to our laboratory for forensic identification.
Standard and R-enantiomer ratio
A mixed stock solution of S-MA and R-MA at a concentration of 250,000 mg/L was prepared in methanol. Other standard solutions (1,000 and 25,000 mg/L) for the calibration and QC samples were prepared daily by appropriate dilution with methanol from the mixed solution. Similarly, an IS stock solution (10,000 mg/L) was also prepared in methanol and diluted with methanol to obtain the IS working solution (15.0 mg/L). All of the stock solutions were stored at 2208C until utilized. Six nonzero standard samples (0.1, 0.2, 1.0, 10.0, 50.0 and 80.0 mg/L) were prepared in IS working solution (15 mg/L in the methanol for calibration). The content of each enantiomer in a sample was calculated from each calibration curve, and the R-enantiomer ratio of a sample was calculated as the percentage of the R-to total enantiomers.
Sample preparation
White crystalline MA and tablets were ground into powder and homogenized.
Ten-milligram portions of each sample were dissolved in 10 mL of methanol. The solution was sonicated for 5 min, followed by 5 min of centrifuging at 3,000 rpm. The supernatant was diluted 15,000 times and 2,500 times with IS working solution (15 mg/L in the methanol) to obtain a concentration of 66.7 and 400 mg/L for white crystalline MA and tablets, respectively, and 20-mL aliquots were injected into the LC -MS-MS system.
Instrumentation
The chromatographic analysis system (Agilent 1260 series LC system, Agilent Technologies, Inc., USA) included a quaternary pump, an autosampler and a thermostatted column compartment. The enantioselective separation was achieved using a Supelco Astec Chirobiotic V2 column (2.1 mm Â 250 mm, 5 mm) with vancomycin as a chiral stationary phase. The temperature of the column compartment was set to 258C. The mobile phase was methanol containing 0.1% (v/v) glacial acetic acid and 0.02% (v/v) ammonium hydroxide. The flow rate for the detection of analytes was 0.25 mL/min. The injection volume was 20 mL, and the total run time was 15 min.
The targets were detected using an Agilent 6430 triple quadrupole mass spectrometer (Agilent Technologies, Inc.) with electrospray ionization. The mass spectrometer was operated in the positive-ion multiple reaction monitoring (MRM) mode. The source conditions were chosen to yield a satisfactory signal for all analytes and are as follows: gas temperature, 3508C; gas flow, 8 
Results and discussion
This method achieves full baseline resolution of enantiomers of MA in 15 min (as shown in Figure 1 ). The detection limits of the enantiomers, defined as the lowest concentration for which the signal-to-noise ratio was at least 3/1, were 0.04 mg/L. The limit of quantification, defined as the lowest concentration of analyte with a signal-to-noise ratio of greater than 10/1, was 0.1 mg/L. In other words, the lowest MA contents were 0.15 and 0.025% in MA crystals and tablets, respectively. As little as 0.2% of the R-enantiomer ratio could be determined. The calibration curves (analyte peak area/IS peak area for the Y-axis and analyte concentration for the X-axis) were assessed by a weighted (1/x 2 ) least-squares linear regression fit (y ¼ ax þ b). Standard calibration curves of S-and R-MA showed good linearity in the range of 0.1 -80 mg/L (r 2 . 0.995). The accuracy and precision were within 5% for all analytes. The ease of sample treatment without extraction or derivatization makes the procedure accurate and effective.
Compared with published GC -MS methods (12, 19) , which determined an R-enantiomer ratio was 1.0%, sensitive LC -MS-MS allows the percentage of enantiomer composition down to 0.2%. This makes it possible to get more trace evidences.
Enantiomeric distribution of seized sample
The range of MA (S-and R-MA) content was 54.1 -80.9% in white crystals (Figure 2 ), i.e., the purity was 67.3 -100.8%. Most of the MA crystals seized between 2008 and 2012 were insufficiently purified, and the purity has become very high in only the last 2 years. This demonstrated that the ability of manufacturers who use chemical precursors to produce large quantities of high-quality MA has been improved. One sample from 2014 was light brown and contained a small amount of caffeine but also contained 54.1% MA. The MA content ranged between 0.15 and 26.5% in clandestine tablets from 2008 to 2013 ( Figure 3 ). Conversely, we found that in addition to the major illicit drug MA, tablets may also contain caffeine, and/or heroin, ketamine, procaine, acetaminophen, norephedrine, EP and methylenedioxymethamphetamine.
The distribution of enantiomers in clandestine MA crystals and tablets seized by Chinese police in the period from 2008 to 2014, mainly in the area of the Yangtze River Delta region, were identified. MA crystals and tablets were classified to four groups according to their enantiomer ratios. Their pattern is presented in Tables II and III from 2007 to 2008, and found that most of the seizures were pure S-enantiomer (90.1%), six samples contained . 90% R-enantiomer and there was one racemic mixture. This shows that the S-isomer of MA is the most-seized drug in China, and that the prevalence of MA abuse has a slight difference between northern China and the Yangtze River Delta region. It might be speculated that this shows a few differences in the species of precursors and the synthetic routes.
Potential identification of synthetic routes
The common clandestine synthesis of illicit S-MA appearing in Asia is the reduction of 1R, 2S-EP or 1S, 2S-pEP from an ephedra plant as the starting material (10) . We know that the largest licit demand for EP and pEP was in India and China (1) . Hence, the government should take forceful measures to strengthen the regulation on both the ephedra plant and other precursors of 1R, 2S-EP or 1S, 2S-pEP. In addition, the use of pharmaceutical preparations containing EP or pEP to illegally synthesize MA has increased in recent years in China. A predominant method of clandestine manufacturers of MA in Australia has been through extracting EP and/or pEP from over-the-counter cold and flu medications (20) . Therefore, countries should provide very strict limitations on the sale of legal drugs contained EP or pEP. However, with the controls on EP compounds, the key precursor chemicals that yield the most potent form of MA, the prevalence of less potent types of MA is increasing in Asia. Our results showed that the share of seizures containing a slight amount of R-MA in Yangtze River Delta has increased recently. Lee et al. (12) have reported that MA samples seized in Korea containing .1% of the R-enantiomer have gradually increased since 1997 and increased continuously up to 50% in the year 2005. Recently, the MA samples seized in Japan contained the R-enantiomer or a mixture of S-and R-enantiomers as well as the S-enantiomer (10, 16). Tsujikawa et al. (8, 21) have reported that S-MA containing small amounts of the R-form was prepared by chiral-selective resolution of racemic MA synthesized from P2P by the Leuckart reaction or reductive amination in Korea. The optical purity of all samples made in this manner was very high. The compound P2P is one of the key precursors for the manufacture of MA, and the manufacture of MA from P2P is common in the USA, as well as in the European Union, Australia, Canada and Mexico (15) . This shows that because of the regulations on the EP compounds, clandestine chemists have been forced to use other chemical precursors, particularly P2P. An increasing amount of MA is now putatively synthesized from P2P (8) . In addition to controlling EP compounds, it is also necessary to supervise the trade in the alternative precursor chemicals. These findings prompted us to conclude that MA enantiomer profiling was a useful tool to compare and investigate the relationships between seizures such as drug traffic routes and supply sources evidenced by the different reagents used. The results suggested that the international cooperation of criminal investigation is necessary to prevent the spread of MA and precursor chemicals because the abuse of MA is a worldwide social problem.
Conclusion
The LC-MS-MS method using direct dilution and a Chirobiotic TM V2 column is a sensitive, rapid, and accurate for the chiral separation of MA enantiomers in white crystal and tablets. MA enantiomeric properties can serve as useful information for the prevalence of MA abuse and the regulation of precursor chemicals. Our findings showed that the S-isomer of MA is still the most-seized drug in the Yangtze River Delta region in the period from 2008 to 2014, reminding us that the controls on the precursor chemicals of 1R, 2S-EP and 1S, 2S-pEP should be further tightened. With the recent increasing incidence of seized samples containing a slight amount of R-MA, the trade in the alternative precursor chemicals, particularly P2P, should also be supervised.
